Sapoviruses are among the major pathogens associated with sporadic and outbreaks of acute gastroenteritis in humans of all ages \[[@CR1]\]. The level of excretion of the viral genome in feces is usually high \[[@CR1], [@CR2]\]. One of the largest sapovirus outbreaks was likely associated with sapovirus-infected food handlers \[[@CR3]\]. Asymptomatic infections related to sapovirus shedding in feces have also been identified \[[@CR2]--[@CR4]\]. Sapoviruses are non-enveloped, positive-sense, single-stranded RNA viruses that encode multiple nonstructural proteins, and major and minor structural proteins \[[@CR1]\]. The region encoding the major structural protein (VP1) is the most variable in the sapovirus genome \[[@CR5]\] and is used for genetic typing \[[@CR6]\]. Human sapoviruses are currently assigned to one of four genogroups (GI, GII, GIV, and GV) and are further classified into at least 18 genotypes (GI.1-7, GII.1-8, GIV.1, and GV.1-2) based on their VP1 sequences \[[@CR7]\]. Nucleic acid detection methods, especially reverse transcription (RT)- polymerase chain reaction (PCR) and real-time RT-PCR assays, are widely used for the screening of human sapoviruses \[[@CR1]\]; however, the application of primer-independent metagenomic sequencing approaches for identification of human sapoviruses has also been reported recently \[[@CR8]--[@CR10]\]. Multiple primer sets for RT-PCR have been designed to detect human sapoviruses \[[@CR1]\], but their reactivity with different human sapovirus genotypes has not been experimentally demonstrated except in our recent real-time RT-PCR study \[[@CR11]\]. In the current study, we tested 11 PCR assays targeting the VP1 region of human sapoviruses, using eight published \[[@CR12]--[@CR15]\] and three newly designed/modified primer combinations and showed that only four of these PCR assays detected all 18 currently known human sapovirus genotypes (GI.1-7, GII.1-8, GIV.1, and GV.1-2).

For the initial reactivity test, double-stranded DNA fragments (gBlocks® Gene Fragments) including the sequence targeted by the PCR primers (approximately 1700 bp each) of the human sapovirus genotypes GI.1 (GenBank accession number X86560), GI.2 (AB614356), GI.3 (AB623037), GI.4 (AJ606693), GI.5 (DQ366345), GI.6 (AJ606694), GI.7 (AB522390), GII.1 (AJ249939), GII.2 (AY237420), GII.3 (AB630068), GII.4 (AB522397), GII.5 (LC190463), GII.6 (AY646855), GII.7 (AB630067), GII.8 (KX894315), GIV.1 (DQ058829), GV.1 (DQ366344), and GV.2 (AB775659) were synthesized (Integrated DNA Technologies, Coralville, IA), and 1.0 × 10^4^ copies of these fragments were used.

To confirm the reactivity against clinical specimens, random-hexamer-primed cDNA synthesized from stool suspensions positive for sapoviruses (GI.1-7, GII.1-5 and GII.7 and GII.8, GIV.1, and GV.1-2) as well as stool suspensions positive for noroviruses (GI, GII), astrovirus types I and IV, and rotavirus groups A and C and DNA purified from stool suspensions positive for adenovirus type 40/41 that had been used in a previous study and stored at −30°C \[[@CR11]\], were tested.

PCR assays were performed using 20 µL of a reaction mixture containing 1 µL of synthetic double-stranded DNA or 2 µL of cDNA or DNA from clinical specimens, 10 µL of KAPA2G Fast HotStart ReadyMix with dye (KAPA Biosystems, Wilmington, MA), and 10 pmol of each primer. PCR amplification was performed using a GeneAmp PCR System 2700 (Applied Biosystems, Foster City, CA) under the following conditions: initial denaturation at 95°C for 5 min, followed by 50 cycles of 95°C for 20 s, 48°C or 53°C for 20 s, and 72°C for 5 s, and a final extension at 72°C for 1 min. The PCR reaction time was approximately 1.5 h.

Seven µL of each PCR reaction mixture was analyzed by electrophoresis in a 2% agarose gel containing 40 mM Tris-acetate, 1 mM EDTA and 0.5 µg of ethidium bromide per mL, and the gel image was captured using a FAS V Gel Documentation System (Nippon Genetics, Tokyo, Japan).

Eleven PCR assays with different primer combinations were performed using a synthetic DNA panel. As shown in Fig. [1](#Fig1){ref-type="fig"}A (left panels), seven of the PCR assays, including those using the primers SV-F11 and SV-R1; SV-F21 and SV-R2; SLV5317 and SLV5749; SaV124F, SaV-1F, SaV-5F, SV-R13, and SV-R14; SaV1245Rfwd and SV-R2; SV-F13, SV-F14, SV-R13, and SV-R14; and SV-F22 and SV-R2 \[[@CR12]--[@CR15]\], either did not amplify all of the human sapovirus genotypes tested or generated PCR products with unusual sizes (i.e., GI.5 sapovirus with the SV-F11 and SV-R1 primer set) under the test conditions.Fig. 1Reactivity of PCR assays with different human sapovirus genotypes. Agarose gel electrophoresis images of the PCR products amplified from (A) synthetic double-stranded DNA from GI.1-7, GII.1-8, GIV.1, and GV.1-2 sapoviruses; (B) cDNA from GI.1-7, GII.1-5 and GII.7-8, GIV.1, and GV.1-2 sapoviruses. Ct values of each sample measured by real-time RT-PCR in a previous study \[[@CR11]\] are shown in parentheses. The primer combinations and PCR product size(s) are indicated at the top and right side, respectively, of each gel image. The annealing temperature is indicated in parentheses after the primer names. M, DNA size marker 100 bp DNA ladder (New England Biolabs); NC, negative control without template

In contrast, four assays including the primer combinations i) SV-F13, SV-F14, SV-G1-R, SV-G2-R, SV-G4-R, and SV-G5-R \[[@CR13]\], ii) M13F-SaV1245Rfwd, M13R-SV-G1-R, M13R-SV-G2-R, M13R-SV-G4-R, and M13R-SV-G5-R, iii) M13F-HuSaV-F1, M13F-HuSaV-F2, M13F-HuSaV-F3, and M13R-HuSaV-5498R, and iv) M13F-HuSaV-5159F and M13R-HuSaV-5498R amplified all the tested human sapovirus genotypes (Fig. [1](#Fig1){ref-type="fig"}A, right panels).

As shown in Fig. [1](#Fig1){ref-type="fig"}B, these four PCR assays gave similar results when cDNA prepared from sapovirus-positive clinical specimens ranging from approximately 10^7^ to 10^2^ copies/reaction (Ct value range: 18-37/reaction determined by real-time RT-PCR) representing the 17 human sapovirus genotypes (GI.1-7, GII.1-5 and GII.7 and GII.8, GIV.1, and GV.1-2) was used \[[@CR11]\]. Samples with Ct values \>30 (approximately 10^2^ to 10^3^ copies/reaction) were only slightly detectable or difficult to detect, depending on the assay used.

No cross-reactivity was observed with specimens that were positive for norovirus GI and GII, human astrovirus types I and IV, rotavirus A and C, or adenovirus type 40/41 in the four PCR assays (data not shown).

The locations of the primers used for the four PCR assays are shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Regions targeted by the primers of the four broadly reactive PCR assays for human sapoviruses. A nucleotide sequence alignment of representative human sapovirus strains corresponding to the 18 genotypes (GI.1-7, GII.1-8, GIV.1, and GV.1-2) used to synthesize DNA in this study and the newly proposed genotype GII.NA1, the locations of the primers and their targeted sequences used for the four broadly reactive PCR assays, and the GenBank accession numbers of the representative strains of each genotype are shown. The target region sequences of SV-F13, -F14 and M13F-1245Rfwd, and M13-HuSaV-5159F and M13-HuSaV-5498R are boxed, and those of M13F-HuSaV-F1, F2, -F3, and SV-G1-R, -G2-R, -G4-R, -G5R with or without an M13 sequence tag are labeled in red

The PCR assay including six primers (SV-F13, SV-F14, SV-G1-R, SV-G2-R, SV-G4-R, and SV-G5-R) reported by Okada et al. was originally designed to generate PCR products of different lengths, depending on the genogroup: GI (500 bp), GII (430 bp), GIV (360 bp), and GV (290 bp) \[[@CR13]\] (Fig. [1](#Fig1){ref-type="fig"}A, right panel, Fig. [1](#Fig1){ref-type="fig"}B, Fig. [2](#Fig2){ref-type="fig"}). This assay has been used in several studies to detect sapoviruses in fecal specimens \[[@CR16]--[@CR18]\]. In the current study, we confirmed that these primer combinations detected all 18 human sapovirus genotypes (GI.1-7, GII.1-8, GIV.1, and GV.1-2) using cDNA and/or synthetic DNA (Fig. [1](#Fig1){ref-type="fig"}A, right panel, and Fig. [1](#Fig1){ref-type="fig"}B).

Three other new PCR assays that amplified all 18 human sapovirus genotypes (GI.1-7, GII.1-8, GIV.1, and GV.1-2) (Fig. [1](#Fig1){ref-type="fig"}A, right panel, and Fig. [1](#Fig1){ref-type="fig"}B) included 5′-tailed primers with an 18-nt M13 sequence tag (M13F: 5′-tgtaaaacgacggccagt-3′ for each forward primer and M13R: 5′-caggaaacagctatgacc-3′ for each reverse primer) as a consensus anchor matrix for PCR and Sanger sequencing (Table [1](#Tab1){ref-type="table"}).Table 1Primer combinations for amplification of the 18 human sapovirus genotypesPrimer nameSequence (5' to 3')Di DirectionLocation in the sapovirus genome with GenBank accession numberReferenceSV-F13GAY YWG GCY CTC GCY ACC TACForward5074--5094X8656013SV-F14GAA CAA GCT GTG GCA TGC TACForward5074--5094X86560SV-G1-RCCC BGG TGG KAY GAC AGA AGReverse5561--5580X86560SV-G2-RCCA NCC AGC AAA CAT NGC RCTReverse5483-5503AY237420SV-G4-RGCG TAG CAG ATC CCA GAT AAReverse5413-5432DQ058829SV-G5-RTTG GAG GWT GTT GCT CCT GTGReverse5384-5404AY646856M13F-SaV 1245Rfwdtgtaaaacgacggccagt TAG TGT TTG ARA TGG AGG GForward5159-5177X86560This studyM13R-SV-G1-Rcaggaaacagctatgacc CCC BGG TGG KAY GAC AGA AGReverse5561--5580X86560M13R-SV-G2-Rcaggaaacagctatgacc CCA NCC AGC AAA CAT NGC RCTReverse5483-5503AY237420M13R-SV-G4-Rcaggaaacagctatgacc GCG TAG CAG ATC CCA GAT AAReverse5413-5432DQ058829M13R-SV-G5-Rcaggaaacagctatgacc TTG GAG GWT GTT GCT CCT GTGReverse5384-5404AY646856M13F-HuSaV-F1tgtaaaacgacggccagt GGC HCT YGC CAC CTA YAA YGForward5079-5098X86560This studyM13F-HuSaV-F2tgtaaaacgacggccagt GAC CAR GCH CTC GCY ACC TAY GAForward5078-5100AJ249939M13F-HuSaV-F3tgtaaaacgacggccagt GCW RYK GCW TGY TAY AAC AGCForward5121-5141DQ366344M13R-HuSaV-5498Rcaggaaacagctatgacc CCC CAN CCN GCV HAC ATReverse5482-5498X86560M13F-HuSaV-5159Ftgtaaaacgacggccagt TAG TGT TTG ARA TGG ARG GForward5159-5177X86560This studyM13R-HuSaV-5498Rcaggaaacagctatgacc CCC CAN CCN GCV HAC ATReverse5482-5498X86560

The PCR assay including five primers (M13F-SaV1245Rfwd, M13R-SV-G1-R, M13R-SV-G2-R, M13R-SV-G4-R, and M13R-SV-G5-R) also generated PCR products of different sizes depending on the genogroup: GI (450 bp), GII (380 bp), GIV (310 bp), and GV (240 bp) (Fig. [1](#Fig1){ref-type="fig"}A, right panel, Fig. [1](#Fig1){ref-type="fig"}B, and Fig. [2](#Fig2){ref-type="fig"}).

The assay including four primers (M13F-HuSaV-F1, M13F-HuSaV-F2, M13F-HuSaV-F3, and M13R-HuSaV-5498R) amplified similar-sized PCR products (approximately 460 bp) independently of the genogroup and genotype (Fig. [1](#Fig1){ref-type="fig"}A, right panel, and Fig. [1](#Fig1){ref-type="fig"}B). The target regions of HuSaV-F1, -F2, and -F3 recently designed as forward primers in a broadly reactive real-time PCR for human sapoviruses \[[@CR11]\] are similar to those of SV-F13 and SV-F14 (Fig. [2](#Fig2){ref-type="fig"}), and the sapovirus-specific sequence of M13R-HuSaV5498R (5′-CCCCANCCNGCVHACAT-3′) (Table [1](#Tab1){ref-type="table"}) has the same target as the SVR-DS5 (5′-CCCCACCCKGCCCACAT-3′) and SVR-DS6 (5′-CCCCAMCCMGCMMACAT-3′) primers reported by Sano et al. \[[@CR19]\].

The assay including two primers (M13F-HuSaV-5159F and M13R-HuSaV-5498R) generated similar-sized PCR products (approximately 380 bp) for all of the sapovirus genotypes tested (Fig. [1](#Fig1){ref-type="fig"}A, right panel, and Fig. [1](#Fig1){ref-type="fig"}B). The sapovirus-specific sequence of M13F-HuSaV-5159F was identical to that of 1245Rfwd \[[@CR15]\] except for 1 nt (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}), and they shared the same complementary sequence in the reverse primers (HuSaV-R, and SaV1245R, respectively) used in real-time PCR assays for detection of human sapoviruses \[[@CR5], [@CR11]\].

In primer-dependent PCR assays, the selection of broadly reactive primer sets is important for detecting genetically diverse human sapoviruses. In this study, seven out of 11 primer combinations, including widely used primer sets, did not detect all of the sapovirus genotypes tested (Fig. [1](#Fig1){ref-type="fig"}A and B). This would cause a bias towards the detected strains or cause several genotypes to be missed when used for surveillance. We recently reported an improved broad-range real-time RT-PCR assay that detected all 18 of the currently identified human sapovirus genotypes \[[@CR11]\]. This assay can be used as a screening tool, but the amplicon size (approximately 100 bp) is too short for further genetic characterization by sequence analysis. Selection and combination of the human-sapovirus-targeting, broad-range RT-PCR assays described in this report can be used to confirm real-time RT-PCR results and an alternative screening tool to identify genetically diverse human sapoviruses in samples. An assay that distinguishes genogroups based on PCR product size will be useful in cases in which a sample includes sapoviruses of different genogroups. New sapovirus strains assigned as GII.NA1 were reported recently \[[@CR20]\]. Based on their nucleotide sequences, the primers used in the four broadly reactive PCR assays would probably also recognize this new candidate genotype (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}), although experimental confirmation is required.
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